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ABSTRACT: Synthesis gas (CO + H,) conversion is an important process in
the transformation of coal, natural gas, or biomass into higher-value products.
The explicit conversion into C,, oxygenates on transition-metal-based catalysts
suffers from a low selectivity, being a consequence of an imperative integration
of C—O bond splitting and C—C coupling reactions. Recently, it has been
demonstrated that a bimetallic CuCo catalyst has high higher alcohol selectivity
under mild reaction conditions, but the details of the reaction mechanism on
the surface are still elusive. In this work, we studied the formation of methane,
methanol, and ethanol from syngas on a close-packed (111) and a stepped
(211) CuCo surface combining density functional theory (DFT) and
microkinetic modeling. We found the CuCo alloy to be a promising candidate
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catalyst, displaying the required coverage of CO and CH,, on the surface to facilitate C—C coupling. In addition, we found the
selectivity to be very structure sensitive: the CuCo (211) surface is selective toward ethanol under certain reaction conditions,
while the (111) surface is selective toward methanol. We identified the much lower C—O dissociation barrier and the higher

rate of CH,—CO coupling as the reason for the high activity and selectivity toward ethanol on the (211) surface.
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1. INTRODUCTION

Higher alcohol synthesis (HAS) via syngas produced from
coal, natural gas, or renewable biomass has drawn considerable
attention due to its potential as a transportation fuel, as a
gasoline additive or as an intermediate for other chemicals.' ™
The process is competing with a number of side reactions,
Fischer—Tropsch (F-T) synthesis, methanation, methanol
synthesis, and the water-gas shift reaction, which can lead to
a very diverse distribution of products depending on the
catalysts.* Therefore, it is of central importance to understand
the underlying atomistic and electronic structure factors that
determine the activity and selectivity in syngas conversion
processes if one wants to design catalysts with a high selectivity
toward higher alcohols.

It is widely accepted that methanol is produced by the
hydrogenation of nondissociated CO, while methane and
higher hydrocarbons are formed by the hydrogenation of the
surface hydrocarbon species (CH,), which is produced by a
direct or hydrogen-assisted dissociation of CO.>”” The
formation of higher alcohols requires the insertion of CO
into CH,, to give an acyl intermediate that subsequently can
form an alcohol molecule by hydrogenation.*” An efficient

HAS catalyst therefore needs elements of both the
methanation and the methanol synthesis catalyst.

For one of the most promising CuCo-based catalysts, it has
been shown that step sites on the Cu surface are responsible
for the methanol formation,'”!" whereas Co sites efficiently
dissociate CO and therefore mainly produce CH, and other
hydrocarbons.'> Therefore, we suggest that the synergistic
working of the copper and cobalt sites may be crucial in the
selectivity toward higher alcohols.'>'* In previous work'*"'®
CuCo alloy surfaces were successfully prepared by calcining
and reducing layered double hydroxide (LDHs) precursors,
and a high activity and selectivity toward C,, alcohols was
found. Tien-Thao et al.'”'® have also reported that the Co-Cu
alloy, formed by the reduction of a LaCo,_,Cu,O; perovskite
precursor, is a prerequisite for a higher alcohol synthesis
catalyst. The synergetic effect of Cu and Co atoms is believed
to form the active sites for HAS on the CuCo-based catalysts.

Research on improving the catalytic performance of the
CuCo alloy catalysts has mainly focused on varying catalyst
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Figure 1. Theoretical activity volcanoes as a function of relevant descriptors, E¢ and E, shown for the production of (a) methane, (b) ethanol, and
(c) methanol from CO and H, on transition metal (211) surfaces. (d—g) Turnover frequencies along the line fitted to the points (E, E) for Co,
CuCo, and Cu resulting in Ey,, = 1.2*Ec — 0.52, with fixed Eq = 0.64¥E — 1.28. Reaction conditions are T = 523 K and partial pressures of 10 bar
of carbon monoxide, 20 bar of hydrogen, 0.01 bar of water, and 0 bar of methane/methanol/ethanol.

preparation conditions, adding promoters, or changing
supports.'” "> However, there is no clear consensus on the
structure—activity relationship of bimetallic catalysts and how
Co and Cu interact. Many studies claim that the activity and
selectivity of catalysts are highly structure sensitive, and step
sites, the most common type of defect for metal catalysts, are
known to exhibit good activity in many catalytic reactions.**~>¢
Yang et al. have shown that the Rh (211) surface is ~6 orders
of magnitude more active than the Rh (111) surface but is
highly selective toward methane, while the Rh (111) surface is
intrinsically selective toward acetaldehyde.”” Whether the
stepped surface of CuCo has a better activity and selectivity
toward ethanol in comparison to the CuCo (111) surface is
still elusive.

In this study, the CuCo (211) surface, which displays (111)
terraces three atomic rows wide separated by (100) steps, is
selected as the model surface for our simulations. At the same
time, we chose the CuCo (111) surface to investigate the
reactivity of highly coordinated surface sites, since (111) is the
surface predominantly exposed under reducing conditions at
low pressures.”® We make a comparative study of the CuCo
(211) and the CuCo (111) surfaces using a Cu and Co alloy in
a 1:1 ratio. In addition, we focus on the three reaction products
methane, ethanol, and methane during CO hydrogenation.
Methane and ethanol are taken as representative of hydro-
carbons and higher alcohols during the initial stages of CO
hydrogenation at low conversion. We have performed density
functional theory (DFT) calculations on all possible reaction
intermediates in the CO hydrogenation process and used these
data together with microkinetic modeling to identify plausible

reaction mechanisms and to determine the structure—activity/
selectivity relationship.

2. METHODOLOGY

2.1. Density Functional Theory Calculations. All
calculations were carried out using Quantum Espresso
software,” interfaced with the Atomic Simulation Environ-
ment (ASE).*® The BEEF-vdW>' exchange correlation func-
tional was used because of its accurate estimation of adsorption
energies’> and its explicit inclusion of van der Waals
interactions. The fixed bond length (FBL) method was used
to identify transition-state structures and their energies. All
calculations were performed with a plane-wave cutoff of 500
eV, a density cutoff of 5000 eV, and a Monkhorst—Pack type k-
point sampling of 4 X 4 X 1.

A lattice constant of 3.61 A was calculated for the CuCo
alloy by minimizing the energy with respect to unit cell
volume. The (211) surface and (111) surface were modeled
using periodically repeated unit cells p-(4 X 3) and p-(4 X 2),
respectively, with four-layer slabs in the (111) direction in both
cases. The two bottom metal layers in the (111) direction were
fixed, while the top two layers and the adsorbates were
geometrically relaxed so that the maximum force in any
direction on any relaxed atom was less than 0.03 eV/A. The
slabs were separated by at least 10 A of vacuum in the (111)
direction. Dipole correction was included in all cases to
decouple the electrostatic interaction between periodically
repeated slabs. When possible, adsorption and transition-state
energies were taken from previously published work.>*

2.2. Microkinetic Modeling. Microkinetic modeling was
carried out using the CatMAP software.>* Rates were
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Figure 2. Theoretical selectivity volcanoes for the production of methane, methanol, and ethanol from CO and H, on transition metal (211)

surfaces. Reaction conditions are identical with those of Figure 1.

determined by numerically solving the coupled differential
equations with the steady-state approximation. Selectivity is
defined as the rate of formation of the product of interest
divided by the rates of formation for methane, methanol, and
ethanol without any weighting for the number of carbons. In
this work, four different adsorption sites were included on the
stepped (211) surface in order to capture the complexity of
this reaction (see Scheme S1). The (111) surface was modeled
using two surface sites: a “hydrogen reservoir” site and a site
for all other intermediates. Further details of the kinetic model
are in accordance with previous work.*?

Binding energies for a given adsorbate were calculated
relative to gas-phase H,, H,O, and CH,, defined as
_ #F

>kEbe = *Etot clean (x*EC - }’*Eo - Z*EH)
where *E,  is the total energy of the adsorbed surface, *E ., is

the energy of clean CuCo surfaces, Ec = Ecy, — 2Ey, Eo =
Ey,0 — Ey, and Ey = 0.5Ey, are relative to the respective gas-

phase energies, and ¥, y, and z are chosen to represent the
number of carbon, oxygen, and hydrogen atoms in the
adsorbed intermediate.

By using standard vibrational corrections within the
harmonic oscillator approach and a frozen slab approximation,
vibrational frequencies were computed using a finite difference
approximation to the Hessian and subsequent diagonalization
to find the normal modes, as implemented in ASE. From the
vibrational frequencies, zero-point energy (ZPE) corrections
were included and the entropy and enthalpy under reaction
conditions were determined. The change in free energy is given
by

AG = AE + AEyp; + AC) 1, — TAS

v_harm

where AE is the reaction energy of each intermediate step,
AEypg is the zero-point energy correction, AC is the enthalpy
correction, AS is the entropy change, and T is the absolute
temperature.

3. RESULTS AND DISCUSSION

3.1. Syngas Conversion on CuCo (211). Scaling
relations®® between energies of adsorbates and transition states
and reaction energies are used to reduce the parameter space
for our screening studies, and this approach allows us to model
the CO hydrogenation using only two parameters, the carbon
and oxygen binding energies. The established scaling relations
are shown in Figure S1 in the Supporting Information. Herein
we build a microkinetic model for the CO hydrogenation on
(211) transition-metal surfaces similarly to our earlier work.>
The developed descriptor-based microkinetic model for CO

hydrogenation is used to visualize trends for the different
product formation rates and to gain a better understanding of
the properties of CuCo alloy catalysts.

Figure 1 gives a description of the activity volcanoes for the
production of methane, methanol, and ethanol from CO and
H, on transition-metal (211) surfaces. It can be observed from
Figure la—c that the calculated values of E and Ey on CuCo
(211) are located very close to the maximum of the ethanol
volcano. In addition, the turnover frequency of ethanol on
CuCo (211) is higher than that of methane and methanol.
These results indicate that CuCo (211) is more selective
toward ethanol formation, as confirmed by the selectivity
volcanoes (see Figure 2). CuCo has the highest ethanol
selectivity of 65%, with the remainder being 30% toward
methane and 5% toward methanol. At the same time, it is also
found from Figure 2 that pure Co is selective toward methane,
while pure Cu is selective toward methanol. The above analysis
indicates that CuCo alloy is a promising catalyst candidate for
ethanol formation.

To further justify why a CuCo alloy surface is believed to be
more selective toward ethanol formation in comparison to pure
Co and pure Cu, a straight line (the black solid line) between
copper and cobalt on the activity volcano is drawn. This line
on the 2D volcano plot is translated into a one-dimensional
axis, which is described by a linear combination of carbon and
oxygen binding energies. From a simple energy interpolation
scheme an alloy formed between Cu and Co should fall on this
line. The turnover frequency of the three products along the
line is shown in Figure 1d—g. A high methane formation rate
appears at strong carbon binding (Figure 1d). In this region,
CO dissociation via a hydrogen-assisted single reaction step
can easily be achieved.®® An appreciable rate of methanol
formation appears in less reactive regions (see Figure 1f),
where CO cannot be split as easily and hence is hydrogenated
first.

The maximum ethanol formation rate is naturally located at
moderate carbon binding energies between the maxima of
methane and methanol production rates. For a direct
comparison, the three product rate figures (Figure 1d—f)
have been merged into one, as shown in Figure 1g along the
fitted line. It can be observed that the ethanol formation rate is
higher than that of methane and methanol at the binding
energy between points A and B, which means that in this
region ethanol is the main product. Similarly to the above
analysis, higher selectivity toward methane or methanol occurs
where the binding energy is stronger than at energy point A or
weaker than at energy point B, respectively. Hence, the
selectivity for ethanol to happen is the highest between points
A and B, as shown in Figure 3. From coverage maps of C* and
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Figure 3. Calculated selectivity of ethanol along the line fitted to the
points (E¢, Eg) for Co, CuCo, and Cu.

CO* (Figure S2a,b), we observe that both C* and CO* have
high coverage in this region, meaning that ethanol formation
requires both dissociated CO and adsorbed CO.

For pure Co (211), dissociation of CO is favored, leading to
a high coverage of carbon on the surface (see Figure S2a). This
greatly promotes methane formation. On pure Cu, the
coverage of CO is dominant and no atomic carbon can be
formed because of the high barrier for CO dissociation. Hence,
only methanol by direct CO hydrogenation is being produced.
Since the carbon and oxygen binding energies on the CuCo
surface are moderate, both C* and CO* coexist on the surface,
leading to a higher production rate of ethanol. In other words,
metallic Co has a strong capability in breaking the C—O bond
to produce a large number of CH,, species. The presence of Cu
weakens the dissociation of CO due to the modification of
electronic structure of Co sites by Cu atoms and then limits
the formation of CH, species, enhancing the ratio of
nondissociated CO/dissociated CO on the catalyst surface.

A detailed investigation for the stable adsorption config-
urations of all possible adsorbed species involved in the
formations of methane, methanol, and ethanol has been carried
out on the CuCo(211) surface, and the corresponding
adsorption energies and energy barriers are given in Table
S1. The most favorable pathways for CO hydrogenation to
methane, methanol, and ethanol on the CuCo (211) surface
are shown in Figure 4. Hydrogenation of CO to methanol
occurs most efficiently through HCO*, CH,0%*, CH;0%, and
finally CH;OH¥*. In this sequence of reactions, the highest free
energy barrier is the last hydrogenation step, CH;0* + H* —
CH;O0H*. This result is in good agreement with theoretical
observations on Co-decorated Cu alloy catalysts.>”

For the chain growth toward higher alcohols, an important
reaction step is the dissociation of CO. In the literature,*® four
common pathways for CO dissociation have been reported:
direct dissociation (CO* < C* + O*), COH* (CO* + H* «
COH* « C* + OH*), CHO* (CO* + H* > CHO* < CH*
+ O%*), and a hydrogen-assisted one-step dissociation of CO
(CO* + H* & C* + OH*). We have calculated the energy
needed to split CO through each of these four pathways on the
CuCo surface and found barriers of 2.8, 2.4, 2.0, and 1.3 eV,
respectively. Clearly, the hydrogen-assisted pathway is the
dominant route in agreement with earlier studies.”**® The
resulting surface carbon species can be stepwise hydrogenated
to yield CH*, CH,*, CH,*, and ultimately methane. We have
identified that the CH,* intermediate species can couple with
CO* /CHO* with a comparable barrier to further hydro-
genation. It is this creation of a CH,CO* /CH,CHO*
backbone that can lead to the formation of ethanol.

Recently, more studies’”*** have proven that HCO
insertion occurs more easily because of a lower activation
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Figure 4. Free energy diagrams of methane (blue), methanol (black),
and ethanol (red) formation at 523 K on the CuCo(211) surface.
Free energies of reactants (CO, H,) are computed at a pressure of 20
bar and H,:CO = 2; all other free energies are computed at the
standard state. Insets are DFT optimized geometries of key transition
states.

energy barrier. Therefore, it is considered a key reaction step in
the ethanol formation on bimetallic Cu-Co catalyst. Our
calculations also demonstrate that the energy barrier of
forming CH,CHO* from CH, and CHO (0.28 eV) is lower
than that of forming CH,CO* (0.37 eV). However, as seen in
Figure S3b,c, the coverage of CHO* is ~6 orders of magnitude
lower than the coverage of CO* on the CuCo surface. Hence,
the chain growth via CHO insertion occurs at a much lower
rate due to coverage restrictions of CHO* under steady-state
conditions. We therefore conclude that CO insertion is the
dominant pathway for chain growth toward higher alcohols on
CuCo (211).

Inspection of the overall energetics of the free energy
diagram in Figure 4 indicates a close competition between the
CH,* hydrogenation to methane and coupling with CO to
produce ethanol as the two steps in the reaction that determine
the overall product selectivity. However, the free energy barrier
of CH,* hydrogenation to CH;* is 0.39 eV, while that of
CH,/CO coupling is 0.37 eV. It is rather difficult to make
predictions about selectivity in such a complex multistep
process from the free energy diagrams alone. Therefore, an
investigation on the activity and selectivity is performed using a
microkinetic model. At the same time, the barrier of coupling
of CH,* with itself to form ethylene is calculated to be 1 eV;
this is thus unfavorable and was not considered for the
microkinetic model.

Figure S summarizes the calculated turnover frequencies
(TOFs) and corresponding selectivities for methane, ethanol,
and methanol production. As expected, TOFs of these three
products (Figure Sa—c) increase with increasing temperature.
Figure Sd,e shows a decrease in methane selectivity and an
increase in ethanol selectivity with increasing pressure between
500 and 600 K, which can be explained by a more favorable
CH,/CO coupling step in comparison to the CH, hydro-
genation step at high CO coverage. This also indicates that,
with increasing temperature, the selectivity of ethanol
decreases while that of methane increases, in agreement with
available experimental results.”***
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Figure 5. Turnover frequencies (a—c) and carbon selectivities (d—f) for methane, ethanol, and methanol calculated using the microkinetic model
for CuCo (211). The reaction conditions are Py :Pco = 2 and Py o = Pcy, = Pyeon = Prion & 0 bar.

To better depict the trend, a plot of rate/selectivity versus
temperature at 20 bar is given in Figure S3. Interestingly, the
change in selectivity with temperature can clearly be explained
on the basis of thermodynamic arguments. From the Gibbs
free energy of formation (AGy) of the three products in Figure
S4, we find that the AG; value of ethanol is lower than that of
methane at T < 500 K. Hence, at low temperatures, ethanol
production is thermodynamically favored, and thus the
reaction rate of ethanol is the fastest. Upon an increase in
temperature, methane formation gradually becomes thermo-
dynamically more favorable, resulting in an increased methane
selectivity in comparison to ethanol. Above 700 K,
thermodynamics dominates and methane is the main product.
We note that ethanol is the main product under typical
experimental conditions (503—573 K, 20—40 bar). The
formation of methanol is both thermodynamically and
kinetically less favorable than the formation of methane or
ethanol, as seen from the activity and selectivity plots in Figure
Scf.

On the basis of the above analysis from the microkinetic
modeling, it can be concluded that the CuCo (211) surface is
selective toward ethanol under experimental conditions, and
methane becomes more favorable at higher temperatures,
which is consistent with the results we predicted with the
initial screening study through Catmap. Adsorbate and
transition-state energies calculated on our CuCo model
surfaces fit scaling relations well. Hence, the scaling relations
apply not only to pure metals but also to bimetallic catalysts.
We can therefore use it to speculate on the reactivity of
bimetallic surfaces and predict other promising HAS catalysts,
by simply calculating the binding energy of carbon and oxygen
on bimetallic catalysts and check whether it is located in the
selective region of ethanol formation.

3.2. Syngas Conversion on CuCo (111). On the basis of
a detailed analysis of the CuCo 211) surface, a high selectivity
toward ethanol is predicted for that surface orientation.
Considering that the stepped (211) surface is less stable and
therefore less abundant than lower Miller index surfaces, we

therefore chose to explore the reaction mechanism for CO
hydrogenation on the close-packed CuCo (111) surface, a
facet that is commonly detected by experiments.**

Similarly to the (211) surface, scaling relations are applied
that allow us to build a descriptor-based microkinetic model
that only depends on two descriptors. For the (111) surfaces
CO and OH binding energies were chosen, as they are
adsorbates occurring in the reaction mechanism and scale
especially well with the early reaction intermediates. The
established scaling relations are shown in Figure SS. Parameter
settings and the reaction network for the (111) surface were
taken from the literature.””*> Methanol is predicted to be the
main product on the CuCo(111) surface (see Figure S6a—c).
It can be seen clearly from the selectivity volcanoes (see Figure
S6d—f) that the methanol selectivity on CuCo is more than
90%. In order to confirm our prediction, a detailed study of the
reaction mechanism of CO hydrogenation on the CuCo (111)
surface is conducted.

As shown in the free energy diagram in Figure 6, the (111)
surface favors the direct hydrogenation of CO to methanol,
which is identical with that found on the (211) surface. For the
methanation pathway, we find a difference in the intermediate
leading to the C—O bond cleavage on the two surfaces. The
CH,* species on the (111) surface is obtained via splitting of
the C—O bond in the adsorbed methoxy intermediate
(CH;0%*), while on the (211) surface it is obtained through
H-assisted dissociation of CO. The (111) surface is less
reactive than the (211) surface, thus making it difficult to break
the C—O bond directly. The resulting CH;* species can either
be hydrogenated to yield methane or alternatively couple with
CO* to produce CH;CO* as an intermediate in the ethanol
formation. Our calculations identify the dissociation of CH;0*
into CH;* and O* as the reaction step with the highest free
energy barrier.

As shown in Figure 7a, the rate of CO hydrogenation to
methanol is about 10™° turnover/s at 523 K and 20 bar, while
the rates for ethanol and methane are ~107* and ~107%
turnover/s under these conditions, respectively. The funda-
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Figure 6. Free energy diagrams of methane (blue), methanol (black),
and ethanol (red) formation at 523 K on the CuCo (111) surface.
Free energies of reactants (CO, H,) are computed at a pressure of 20
bar and H,:CO = 2:1; all other free energies are computed at the
standard state.

mental reason for this results is that the splitting of the C—O
bond from surface CH;O* is too difficult due to a high barrier.
This results in a low coverage of C, species on the surface and
therefore low rates for methane formation and C—C coupling
reactions. Methanol is therefore the primary product on the
CuCo (111) surface, as shown in the selectivity map (see
Figure 7b).

3.3. Comparisons with Experimental Results. To
better analyze the three products on the CuCo alloy, turnover
frequencies for the ethanol and methane on the (211) surface
and for the methanol on the (111) surface are described in
Figure 8. The ethanol production on the (211) surface is
calculated to be about 107! s7! at 523 K, whereas the methanol
is produced at a much lower rate on the (111) surface (107*
s™' at 523 K). Although the number of step sites is much
smaller than that of terrace sites (1—2 orders of magnitude) on
the CuCo alloy surface, the turnover frequency of the ethanol
on the CuCo step is approximately 3 orders of magnitude
higher than the methanol rate on the terrace. Thus, the
formation rate of ethanol on a typical (2—10 nm) CuCo
catalyst particle should be higher than for methanol.

The predictions above are supported by our experimental
results,”> in which CuCo alloy catalysts are prepared by
calcining and reducing LDH precursors and used for HAS. The
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Figure 8. Turnover frequencies for ethanol (red) and methane (blue)
using the microkinetic model for CuCo (211) and turnover
frequencies for methanol (black) using the microkinetic model for
CuCo (111). The reaction conditions are Py, = 6.66 bar, P¢o = 13.33

bar, and Py, = Pcy, = Pyeon = Prion & 0 bar.

catalytic performance of the CuCo alloy catalysts with a Cu:Co
ratio of 1:1 shows that the carbon selectivity of ethanol is more
than 8 times higher than that of methanol at 523 K, 3 MPa,
and a GHSV value of 3900 mL (g, h)™", in good agreement
with the trend of predicted product selectivity.

Meanwhile, with increasing temperature, the TOF of ethanol
production is gradually decreasing below that of methane
formation, resulting in the decrease in ethanol selectivity, while
that of methane increases, which is consistent with available
experimental results.””*' In addition, the experimental results'
also show that, with increasing cobalt content in the CuCo-
based catalysts, the selectivity toward methane increases. At a
Co:Cu ratio of about 2:1, the catalyst shows the highest
alcohol selectivity, with a CO conversion of 51.8%, a selectivity
to alcohols of 45.8%, and 94.3 wt % of total C,,OH alcohol
production. As for the relation between the CuCo surface and
Cu:Co ratio, our group will follow up on this in depth in
subsequent research.

4. CONCLUSION

In this work, DFT and microkinetic modeling are employed in
a mechanistic study of the CO hydrogenation process on a
stepped (211) and close-packed (111) CuCo alloy surface. We
have studied the reaction of CO and H, into methane,
methanol, and ethanol in detail, and we have found the
following,

(a) Methanol is produced by direct hydrogenation of
nondissociated CO, methane by hydrogenation of surface
CH,* species, and ethanol requires insertion of CO into CH,*
followed by hydrogenation. The ability to break the CO bond
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Figure 7. Turnover frequencies (a) and carbon selectivities (b) for methane (blue), ethanol (red), and methanol (black) using the microkinetic
model for CuCo (111). The reaction conditions are 523 K, Py, = 6.66, Pco = 13.33, and Py o = Pcy, = Pyeon = Prion = 0 bar.



identifies the difference in products on stepped and close-
packed surfaces, and the barriers to subsequent hydrogenation
or CO coupling of CH,* on the surfaces define the selectivity
toward methane or ethanol. The CH,* species are produced
by a hydrogen-assisted dissociation of CO on the CuCo (211)
surface and by dissociation of CH;O* on the (111) surface.

(b) The activity and selectivity volcanoes obtained from our
microkinetic analysis show that a CuCo alloy is a promising
candidate catalyst for formation of ethanol. We have found that
calculated adsorption and transition-state energies on the
CuCo surfaces follow proposed scaling relations for (111) and
(211) surfaces. This suggests that scaling relations will apply
equally well to other bimetallic systems, thus allowing us to
explore other promising bimetallic catalysts.

(c) We find the selectivity to be very structure sensitive. The
CuCo (211) surface is active and selective toward ethanol
under typical reaction conditions, and at elevated temperatures
methane production becomes favorable. The CuCo (111)
surface is selective toward methanol, but with a low rate. The
high activity and selectivity toward ethanol on the (211)
surface are mainly due to the lower C—O dissociation barrier
and the high rate of CH,—CO coupling.

This improved atomic-scale understanding of CuCo
catalysts provides a framework for understanding the activity
and selectivity patterns of more complex catalysts. In turn, this
will prove very useful for computational design and
optimizations of other bimetallic catalysts.
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